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water-ion permeability; chloride secretion; aquaporins; water-solute cotransport; heat-stable enterotoxin; vasoactive intestinal peptide REGULATION OF THE BALANCE of electrolytes and their secretion mechanisms have been extensively studied in T84 cells, a human colonic tumor cell line that maintains vectorial electrolyte transport (11) . This cell line secretes Cl Ϫ in response to a variety of secretagogues, the effects of which are mediated by cAMP-or Ca 2ϩ -related mechanisms (6, 10, 12, 26, 42) . Furthermore, in the case of Escherichia coli heat-stable enterotoxin (STa), the activation of the STa receptor guanylate cyclase (35) stimulates Cl Ϫ secretion via cGMP accumulation (20, 37, 39) . Despite these results and other reports on ion secretion in this cell line (19) , no information on water and ion coupling has been obtained.
Vectorial fluid transport in epithelia can be associated with a transepithelial hydrostatic pressure gradient, with a transepithelial osmotic gradient, or in their absence, with ionic transport (31, 32) . These water movements can occur among or across the epithelial cells, and in the latter case, the accepted water pathway is the lipid bilayer itself (18) or specific water channels, the aquaporins (1). Characterization and cloning of epithelial water channels have provided important information on this subject (25, 30, 43) . Alternatively, solute-water cotransport, a controversial mechanism conceptually different from those previously mentioned, has been proposed (29, 44, 45) .
Functional studies can give further insight into the water pathways in "water channel-containing" and in "water channel-lacking" epithelial cells. The characteristics of transepithelial water permeability in two renal cell lines, cultured on a permeable support, were previously described by our laboratory: RCCD1 cells devoid of known aquaporins (5) and LLC-PK1 cells transfected with AQP2 (41) .
The aim of this study was to correlate water fluxes with the simultaneous determination of electrical parameters and Cl Ϫ fluxes in T84 monolayers. In addition, the influence of different pharmacological agents [A-23187, bumetanide, vasoactive intestinal polypeptide (VIP), forskolin, and STa] was studied. Minute-byminute recordings of the transepithelial net water fluxes (J w ) were associated, under different experimental conditions, with the measurement of the transepithelial potential difference (⌬V T ) and resistance (R T ), short-circuit current (I sc ), and transepithelial and unidirectional 36 Cl Ϫ fluxes. In other experimental series, the presence of aquaporins was explored in RT-PCR experiments. Under the experimental conditions described here, water secretion did not always correlate with parallel changes in I sc . This indicates that direct measurements of water flow are necessary to define the bulk absorptive or bulk secretory characteristics of an epithelial barrier.
MATERIALS AND METHODS
Cell culture. T84 cells, obtained from the American Type Culture Collection (Rockville, MD), were grown as monolayers in 1:1 mixture of DMEM and Ham's F-12 medium supplemented with 14 mM NaHCO 3, 3.2 mM glutamine, 10 U/ml penicillin-streptomycin, 15 mM Na-HEPES (pH 7.4), and 5% fetal bovine serum (GIBCO BRL) in a 5% CO 2 atmosphere at 37°C. For these experiments, cells between passages 60 and 78 were seeded on Transwell holders (1-2 ϫ 10 6 cells/Transwell on 3-m-pore Nucleopore filters, 4.5-cm 2 surface area; Corning-Costar) and cultured for 10-12 days.
Solutions. For the experiments, cells were bathed on either side with minimum medium containing 1:1 DMEM-Ham's F12 (GIBCO BRL-Life Technologies) and 14 mM NaHCO 3 plus 15 mM Na-HEPES, pH 7.4 when bubbled with 5% CO 2-95% O2.
Measurement of water fluxes. To perform water flux measurements, the Transwell holders, their bottom covered with the confluent cell layer, were directly inserted between twobarrel Lucite hemichambers so as to define two independent compartments, as previously described (41) . One of the compartments (serosal) was open to the atmosphere, whereas the other compartment (mucosal) was hermetically sealed. A positive hydrostatic pressure gradient (4.5 cmH 2O) was continuously applied to the mucosal bath. The closed chamber was connected with a small-diameter polyethylene tube to the net water measurement system, where J w was recorded every minute, as described elsewhere (Ref 15; see Fig. 1 ). Briefly, the position of a liquid meniscus inside a capillary tube was photoelectrically detected. Displacements to the right or to the left were proportional to the amount of water moving across the tissue layer. The system sensitivity was 50 nl. The data were computed in microliters per minute per square centimeter. The serosal bath was continuously bubbled with the appropriate CO 2-O2 mixture to maintain the pH of the medium at 7.4 Ϯ 0.1 (37°C). Additional details of the method used are provided in previous reports from our laboratory (5, 15, 41) .
In pharmacological studies, T84 cells were cultured in six-holder clusters. To minimize random fluctuations, three holders were routinely taken as controls and the rest were tested with the agents. These agents (2 ϫ 10 Ϫ6 M A-23187, 10 Ϫ5 M bumetanide, 10 Ϫ8 M VIP, and 10 Ϫ5 M forskolin) were added to the serosal bath in different experiments.
In STa experiments, confluent monolayers developed on Transwell holders were preincubated for 1 h in experimental medium and then exposed to STa (2.5 ϫ 10 Ϫ7 M in the apical bath) for 1 h. ⌬V T and RT values were monitored to test STa action (36) before the holder was mounted in the experimental chamber.
Electrophysiological studies. V T and Isc were continuously recorded with an automatic voltage-clamp system (Physiological Instruments) and Navycite (ME2AG4) electrodes. R T was initially measured with a Millicell-ERS electric resistance system (Millipore), and it was estimated during the experiments every 90 s from current deflections in response to a 1 mV/s pulse.
Unidirectional 36 Cl fluxes. Once the holders were inserted in the experimental chamber, 36 Cl was added to the mucosal or the serosal bath (1 Ci/ml). Samples (1 ml) were taken from the basolateral or apical baths every 5 min. Serosa-tomucosa, mucosa-to-serosa, and net fluxes were calculated, taking into account corrections for sampling dilution and back fluxes.
RT-PCR studies. Total RNA from kidney (positive control) or T84 cells was isolated using the SV total RNA isolation system (Promega). Reverse transcription was performed on 2 g of total RNA using the SuperScript Preamplification System for first-strand cDNA synthesis (GIBCO BRL). RNAs were placed in 50 l of RT reaction buffer containing 1ϫ PCR buffer, 0.5 g of oligo(dT) primer, 0.1 mg/ml BSA, 10 mM dithiothreitol (DTT), 2.5 mM MgCl 2, and 10 U/l RNAsin. The reaction was heated for 3 min at 80°C and cooled to 45°C. A PCR buffer solution (25 l) containing 1ϫ PCR buffer, 0.1 mg/ml BSA, 10 mM DTT, 2.5 mM MgCl2, 400 M dNTP, and 100 U of SuperScript II RT was added to half of the reaction. Control experiments in absence of the enzyme SuperScript II RT were performed on the other 25 l of the reaction. RT reaction was carried out for 1 h at 45°C and stopped by heating for 2 min at 95°C.
For PCR experiments, AQP-degenerated oligonucleotide primers were designed corresponding to the most highly conserved sequences surrounding the NPA motifs in the aquaporins (33) : sense primers, WC1-up (5Ј-STB GGN CAY RTB AGY GGN GCN CA-3Ј) and WC2-up (5Ј-GGG ATC CGC HCA YNT NAA YCC HGY NGT NAC-3Ј); antisense primers, WC1-dw (5Ј-GCD GRN SCV ARD GAN CGN GCN GG-3Ј) and WC2-dw (5Ј-CGG AAT TCG DGC DGG RTT NAT NSH NSM NCC-3Ј). The reverse-transcribed RNA was amplified by 40 cycles of PCR (1 min at 94°C, 1 min at 52°C, 1 min at 72°C) using 100 pmol of WC1-up and WC1-dw; the products were reamplified using 100 pmol of WC2-up and WC2-dw for 35 cycles with the same protocol. Internal positive control was included in each experiment by using ␤-actin specific primers (sense: 5Ј-CGG AAC CGC TCA TTG CC-3Ј; antisense: 5Ј-ACC CAC ACT GTG CCC ATC TA-3Ј).
Statistics. Data are presented as means Ϯ SE. Statistical significance was determined using the paired or unpaired t-test, and a P value Ͻ0.05 was considered significant.
RESULTS
T84 cells spontaneously show a secretory flux: effects of A-23187. T84 cells were cultured on permeable filters for 10-12 days before they were mounted in the flux measurement chamber. A significant and sustained spontaneous net secretory J w (from basolateral to apical side at 37°C) was observed in the absence of any osmotic or chemical gradient and even against a hydrostatic gradient (4.5 cm of water) present in our measurement system (Table 1 ; negative J w values in Table 1 and in text indicate secretory fluxes, whereas positive values represent absorptive fluxes). Table 1 shows that this secretory J w was associated with high R T and rather moderate ⌬V T and I sc values. Figure 2 shows that addition of a calcium ionophore, A-23187 (2 ϫ 10 Ϫ6 M), to the serosal bath induced a reversible switch from a secretory to an absorptive J w .
Effect of bumetanide, VIP, and forskolin on I sc and water movements in T84 cells. It has been proposed that Cl
Ϫ secretion in colonic and in T84 cells may involve Cl Ϫ entry at the basolateral membrane through a Na
Ϫ cotransporter and Cl Ϫ exit at the apical membrane through a Cl Ϫ conductance (28), presumably the cystic fibrosis transmembrane regulator (CFTR) (38) . Figure 3 shows that serosal addition of bumetanide (10 Ϫ5 M), a specific blocker of the Na
Ϫ cotransporter, significantly decreased water se- Ϫ7 M in apical bath) for 1 h before holder was mounted in the experimental chamber; Jw, net water flux; Isc, short-circuit current; Jnet 36 Cl Ϫ , 36 Cl Ϫ net flux; ⌬V and RT, potential difference and resistance measured before mounting the cell layer in the experimental chamber. RT was also estimated along the experiments from current deflections in response to 1 mV/s pulses. In the STa-stimulated cells, the value obtained was 2,310 Ϯ 314 ⍀ ⅐ cm 2 (n ϭ 8). NS, not significant.
cretion without parallel changes in nonstimulated I sc, whereas no significant change in transepithelial resistance was observed. On the other hand, Fig. 4 shows that the addition of VIP (10 Ϫ8 M) resulted, as previously reported (12) , in an increase in I sc and a 30% reduction in R T . We observed no simultaneous change in net water secretion. Together, the bumetanide and VIP results show that changes in fluid secretion are not always paralleled by changes in I sc and vice versa.
The effects of forskolin on T84 cells are presented in Fig. 5 . As expected, a strong stimulation of I sc was observed whereas the spontaneous secretory J w shifted to an absorptive value. Although R T was reduced 70%, the R T value after forskolin (740 Ϯ 127 ⍀ ⅐ cm 2 ; n ϭ 5) was still elevated for a cellular monolayer.
Effects of STa on J w , I sc , and Cl Ϫ secretion in T84 cells. It was reported previously that STa stimulates cGMP production and Cl Ϫ secretion in T84 cells (20) . We have now compared water secretion, I sc , and Cl Ϫ secretion in T84 epithelia before and after this enterotoxin action. The results obtained are summarized in Table 1 . As expected, an increase in I sc and Cl Ϫ secretion was observed together with an enhancement in water secretion. Nevertheless, the ratio between the before-STa and after STa-values did not present the same order of magnitude for J w , I sc , and Cl Ϫ secretion.
RT-PCR results.
To determine whether aquaporins are expressed in T84 cells, RT-PCR experiments were performed using degenerated aquaporin primers (33); the results obtained showed that although AQP mRNAs were detected in the kidney tissue (positive control), no aquaporin transcripts were amplified in T84 cells (Fig. 6) .
DISCUSSION
This study focuses on water secretion in T84 cells and their modification under the influence of different stimuli such as STa. When grown on permeable support, these cells exhibit high R T and develop significant Cl Ϫ secretion in response to environmental changes (2, 6, 8, 10, 12, 13, 26, 42). These observations support the notion that the T84 cell line expresses characteristics of colonic secreting cells (9) .
Water secretion in T84 cells: effects of A-23187, bumetanide, VIP, and forskolin. The human intestinal cell line T84 has been extensively utilized as a model to explore electrogenic Cl
Ϫ secretion, where water movement has been assumed as passive, and coupled with Cl Ϫ exit (9) . The results presented in this paper indicate that this is not always the case. Our experiments show that fluid secretion in T84 cells occurred in the absence of any chemical or osmotic gradient, features suggesting energy-requiring mechanisms for the transport of fluid. A remarkable observation was that the spontaneous secretory J w observed in this high-resistance epithelium was associated neither with an important I sc nor with a significant Cl Ϫ exit (Table 1) .
Under physiological conditions, intestinal epithelial cells are exposed, in different circumstances, to relative high-pressure gradients. Our experimental system implies the presence of a moderate hydrostatic pressure applied on the mucosal surface (4.5 cmH 2 O). Water secretion was observed, in T84 monolayers and in basal conditions, even against this pressure gradient. In previous reports, water movements across mammalian intestinal epithelia were studied with the same experimental device and no secretory response was observed associated with the applied hydrostatic pressure gradients (4, 16, 17) . As for cell lines cultured on permeable supports, no correlation between water secretion and the applied hydrostatic pressure gradients was observed in Caco-2 and LCC-PK1 monolayers (32, 41) .
Tai et al. (40) reported that A-23187 reversibly decreased tight junction resistance in T84 epithelial monolayers. Our results showing a reversible switch from a secretory to an absorptive J w can thus be easily understood: in the presence of a mucosal hydrostatic pressure, tight junctions opening would induce a paracellular water movement that would disappear rapidly when the ionophore was removed from the serosal bath. If an associated water secretory response exists, it would be masked by the significant paracellular absorptive movement.
The Na
Ϫ cotransporter has been immunolocalized to the basolateral domain in T84 cells (9) , and the current consensus model indicates that net Cl Ϫ secretion involves Cl Ϫ entry into the cell through this cotransporter. Previous studies (10, 11, 12) showed that, under the action of different stimuli, I sc was caused by electrogenic Cl Ϫ exit whereas isotonic water secretion would be associated with the ionic flux. This mechanism cannot explain the observed secretory J w under basal conditions. If the basal J w observed here was associated with a pure electrogenic Cl Ϫ secretion, the expected I sc would be ϳ30 A ⅐ cm 2 , and the expected associated net flux of Cl Ϫ would be ϳ200 ϫ 10
Ϫ4
Eq ⅐ min Ϫ1 ⅐ cm
Ϫ2
. Nevertheless, the inhibitory effects of bumetanide (Fig. 3) , an agent that blocks the Na
Ϫ cotransporter, on the observed J w suggest specific coupling of Cl Ϫ and water in at least part of the secretion reported here. The lack of effect of this drug on the basal I sc strengthens the view that the observed spontaneous water secretion was coupled to a nonelectrogenic process. When intracellular pH regulation in this cell line was studied, evidence was obtained for the presence of a Na ϩ -independent Cl Ϫ /HCO 3 Ϫ exchanger, for the presence of a Na ϩ -HCO 3 Ϫ cotransport system, and also for the presence of a Na ϩ /H ϩ exchanger (34). Our results strongly suggest that HCO 3 Ϫ secretion would be present in basal conditions in T84 cells. A straightforward interpretation of the bumetanide results would then be a secondary inhibition of HCO 3 Ϫ secretion associated with the reduction in Na ϩ and Cl Ϫ entry into the cell. In summary, to understand the significant basal secretory J w observed in the absence of net Cl Ϫ secretion and associated with a moderate I sc , we can propose two working hypotheses: 1) a very significant nonelectrogenic HCO 3 Ϫ secretion is associated with an isotonic secretory flow; or 2) basal secretion is hypotonic.
Interestingly enough, the presence of a significant spontaneous secretor flux in RCCD1 cells was reported recently, although it was associated in this case with relatively higher I sc values (5) . The observed water secretion could be, in this case, abolished by ion substitution, low temperature, and other inhibitors of transport pathway.
The interpretation of VIP effects showed in Fig. 4 is complex. If an isotonic and electrogenic Cl Ϫ secretion was present at the beginning of the observed increase in I sc , the spontaneous secretory J w observed would also increase up to a value duplicating the basal flow (from ϳ0.15 to 0.30 l ⅐ min Ϫ1 ⅐ cm Ϫ2 ). Nevertheless, if VIP effects reduced paracellular hydraulic resistance (electrical resistance was in fact reduced), it would be possible that a pressure-driven flow could compensate the increase in the secretor flux. Future experiments must clarify this point.
The effect of forskolin (Fig. 5) can be straightforwardly interpreted as a pure absorptive effect, both increasing I sc and inducing water reabsorption. Interestingly, ⌬J w and ⌬I sc values were reasonable in the expected range, if a monovalent cation (Na ϩ ?) were electrogenically and isotonically transported.
Results from bumetanide, VIP, and forskolin experiments depicted in Figs. 3-5 led us to conclude that I sc and J w can be differently associated in different experimental situations. Consequently, ⌬I sc values per se could not be considered as coupled to a "secretory" or "absorptive" volume flux.
Water and ion coupling in T84 cells: effect of STa toxin. STa effects on water secretion in T84 cells can be straightforwardly interpreted as associated with Cl Ϫ secretion. This is strongly supported by results presented in Table 1 . However, the same results show that secretory Cl Ϫ and water fluxes can be partially dissociated in these cells. The most striking information was obtained when changes in I sc , J w , and Cl Ϫ secretion were compared.
First, we may compare the increases in Cl Ϫ net secretion and I sc induced by the action of STa. The observed data indicate that, as previously proposed, the STa-induced increase in I sc was associated with a "net" Cl Ϫ exit. The cellular mechanism is likely to involve uptake of Cl Ϫ across the basolateral membrane via the Na ϩ -K ϩ -2Cl Ϫ cotransporter and diffusion out of the cell across the apical membrane through CFTR and/or other Cl Ϫ channels. Previous studies demonstrated that the CFTR channel is expressed in T84 cells (see Ref. 7) . However, the amount of secreted water was higher than that expected from the observed Cl Ϫ secretion. It can then be concluded that the non- electrogenic secretion of another anion (HCO 3 Ϫ ?) is involved, as in the basal secretion phenomenon.
Water pathways in water secretion. The water pathway(s) involved in secretion mechanisms remains unclear. Water can move across epithelial barriers through either a transcellular or a paracellular route. It was recently demonstrated in MDCK cells that little water, if any, permeates the paracellular pathway during isotonic reabsorption (22) . We can accept that a similar situation occurs during isotonic secretion. This would be especially reasonable in T84 cells forming a high-resistance epithelial barrier. We can conclude that water moves transcellularly in the spontaneous secretory flux reported here.
Water could cross cell membranes by two different pathways, the lipid bilayer or specific water channels (aquaporins) (1, 14, 31) . Since the presence of AQP1, AQP3, AQP4, and AQP8 in the colon was reported (23) (24) (25) 27) , the first candidates to explain water movements in T84 were water channels. Our RT-PCR studies (Fig. 6 ) indicate the absence of aquaporin mRNAs in T84 cells, in accordance with the observation that, in general, epithelial cell lines in culture are devoid of aquaporins. For instance, in LLC-PK1 cells, a hydrosmotic response to vasopressin was only reconstituted after AQP2 transfection (21, 41) . A lack of AQP expression in a high-resistance epithelial cell line (3, 5) derived from rat cortical collecting duct (RCCD1) was also observed recently. Nevertheless, significant ionicassociated water transfers were observed (5) . A third hypothetical mechanism (ion-water cotransport proteins) has been proposed to explain the water flux associated with the K ϩ -Cl Ϫ , Na ϩ -glucose, and Na ϩ -dicarboxylate cotransporters (29, 44, 45) .
Despite the lack of aquaporin RNA transcription, significant water fluxes were observed in T84 cells. The water pathway was probably transcellular. The results presented here can be understood if we accept that, in all cases, solute transport induces a "local osmosis process" driving water across the lipid bilayer of the epithelial cells. To explain water secretion we would need to propose the buildup of an osmotic gradient in the mucosal unstirred layer. Alternatively, water could be moving, as previously mentioned, by a cotransport mechanism (29, 44, 45) . Further experimental evidence is necessary to clarify this point.
In summary, 1) net water movements were, for the first time, measured in T84 formed epithelia showing a spontaneous water secretion not associated with a Cl Ϫ net exit; 2) basal as well as pharmacologically induced water movements (absorptive or secretory) were coupled to different electrogenic and nonelectrogenic ionic transfers; 3) STa-induced fluid secretion cannot be explained by an isotonic Cl Ϫ exit alone; and 4) relevant water secretory fluxes were measured in T84 cells in the absence of aquaporin messenger RNAs.
